The efficacy of a site remediation strategy involving the stimulation of microbial U(VI) reduction hinges in part upon the long-term stability of the product, biogenic uraninite, toward environmental oxidants. Geological sedimentary uraninites (nominal formula UO 2 ) reportedly contain abundant cation impurities that enhance their resistance to oxidation. By analogy, incorporation of common groundwater solutes into biogenic uraninite could also impart stability-enhancing properties. Mn(II) is a common groundwater cation, which has a favorable ionic radius for substitution reactions. The structure and reactivity of Mn(II)-reacted biogenic uraninite are investigated in this study. Up to 4.4 weight percent Mn(II) was found to be structurally bound in biogenic uraninite. This Mn(II) incorporation was associated with decreasing uraninite particle size and structural order. Importantly, the equilibrium solubility of Mn-reacted uraninite was halved relative to unreacted uraninite, demonstrating changes in thermodynamic properties, while the dissolution rate was up to 38-fold lower than that of unreacted biogenic uraninite. We conclude that structural incorporation of Mn(II) into uraninite has an important stabilizing effect, leading to the prediction that other groundwater solutes may similarly stabilize biogenic uraninite.
Introduction
In situ reductive biotransformation of subsurface U(VI) contamination has been extensively researched as a method to immobilize uranium because of the relative insolubility of its reduced form (1). A significant issue associated with uranium bioremediation is the susceptibility of biogenic uraninite, the product of microbial U(VI) reduction (2) , to chemical oxidation by O 2 (3) (4) (5) , nitrite (6) , nitrate (4) , and Fe(III) (hydr)oxides (7) and to biological oxidation coupled with nitrate reduction (8) .
For effective long-term bioimmobilization of uranium, biogenic uraninite should exhibit slow kinetics of reoxidation. Consequently, strategies for reductive immobilization of U should include considerations for preventing or minimizing its oxidative remobilization. The UO 2 structure can accommodate excess oxygen and cation impurities without compromising the cubic unit cell (9) . Indeed, the term "uraninite" refers to the nonstoichiometric and cation-substituted forms of UO 2 found ubiquitously in natural settings (10) . Cation impurities reported in sedimentary uraninites include Ca 2+ and Pb 2+ . These cations are thought to occur as lattice substituents for U 4+ with charge balance provided by highervalent U (hyperstoichiometry) and/or excess oxygens (11) .
Nonstoichiometry and cation substitution have been credited with increased uraninite stability with respect to oxidation and corrosion (10) (11) (12) . This behavior is of considerable pragmatic and fundamental significance to bioremediation efforts, particularly considering that the stimulation of metal bioreduction in the subsurface will result in anoxic and reducing groundwaters rich in potential cation substituents such as Mn 2+ or Fe 2+ . The study focuses on Mn(II) because of its ubiquity in groundwater, where it is found at concentrations up to 0.1 mM [Rifle Integrated Field-Scale Subsurface Research Challenge (IFC) Site] (13) or up to 4 mM [Oak Ridge Field Research Center (FRC)] (13, 14) . These values are expected to be even higher during bioremediation, where reductive dissolution of Mn oxides significantly escalates dissolved Mn(II). Moreover, the ionic radius of cubically coordinated Mn 2+ (0.93 Å) is slightly smaller than that of U 4+ (1.00 Å) (15) , and thus Mn 2+ should readily fit into the uraninite lattice. The goal of the present study was to assess whether U(VI) reduction in the presence of soluble Mn(II) could lead to structural binding within biogenic uraninite and to evaluate the impact on uraninite particle size, structure, and reactivity.
Distinguishing internal structural binding of impurity cations in a host (i.e., doping) from other mechanisms of association such as adsorption at surfaces or precipitation of intermixed phases is nontrivial and requires aqueous and structural characterization techniques. In this study, we have coupled sorption, washing, and digestion techniques with investigations of molecular scale structure, solubility, and dissolution kinetics to develop a holistic model of this complex biogenic material.
Materials and Methods
Reduction of U(VI) in the Presence of Mn. The reduction of U(VI) by Shewanella oneidensis MR-1 was carried out at pH 6.3 (16) except that, during the production of Mn-reacted uraninite, a small amendment from a sterile, anaerobic stock (1 M) of MnCl 2 (Aldrich) was made prior to the addition of an aliquot of anaerobic stock (10 mM) uranyl acetate (Fluka). A detailed description is provided in section SI-A of the Supporting Information. Mn-reacted and unreacted uraninite are defined as uraninite produced in the presence of Mn(II) and in its absence, respectively. The biogenic uraninite collected was subjected to a NaOH treatment to remove the biomass and sorbed U(IV) as described previously (16) and in section SI-B of the Supporting Information. Uraninite that has been subjected to a NaOH treatment is referred to as NaOH-treated uraninite. NaOH-treated uraninite was stored at circumneutral pH in anaerobic Milli-Q water and was the primary material used for U X-ray absorption spectroscopy (XAS), synchrotron powder diffraction (SR-PD), electron microscopy (EM), and continuous flow dissolution analyses. The surface area of the NaOH-treated material was determined to be 50.14 m 2 /g. A complete list of the 20 samples prepared, along with the treatments and analyses to which each was subjected, is available in Table SI -1 of the Supporting Information.
Acid Digestion of Uraninite. In order to measure the amount of Mn associated with uraninite, an aliquot of the NaOH-treated mineral was centrifuged, and the pellet was resuspended aerobically in 2 mL of concentrated HNO 3 . The suspension was placed on a rotary shaker overnight for complete dissolution. The acid digest was analyzed for U(VI) content by kinetic phosphorescence analysis (KPA-11A, Chemchek Instruments) and for dissolved Mn by inductively coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer Plasma 2000) or high-resolution ICP-mass spectrometry (HR-ICP-MS, Thermo Finnigan Element II).
Sorption of Mn(II) onto Uraninite. The sorption behavior of Mn(II) onto biogenic, NaOH-treated uraninite was quantified. Duplicate polypropylene tubes, containing 10 mL of 0.01 M NaCl in O 2 -free Milli-Q water preadjusted to pH values ranging from 3 to 10, were amended with uraninite (0.1 g/L) and then 1 mM Mn(II). When necessary, pH was adjusted using 0.5 M HCl or 0.5 M NaOH. Appropriate controls [no Mn(II) or no uraninite] were included to account for the precipitation of Mn or the dissolution of uraninite. The tubes were equilibrated while shaking over 24 h, and the final pH was measured. Samples were filtered using 0.2 µm polyethersulfone (PES) filters and analyzed for Mn and U as above.
Electron Microscopy and X-ray Absorption Spectroscopy. High resolution transmission electron microscopy was carried out as described elsewhere (16) and in section SI-D of the Supporting Information.
U L III edge extended X-ray absorption fine structure (EXAFS) spectra were measured as previously described (ref 16 and section SI-E of the Supporting information). Mn EXAFS samples were loaded in a polycarbonate sample holder with Kapton windows. Fluorescence-yield Mn K-edge EXAFS were collected at room temperature at Stanford Synchrotron Radiation Labatory (SSRL) beamline 11-2 using Si (220) double-crystal monochromators detuned by 40% to attenuate harmonic intensity and a Canberra 30 element array Ge detector. The monochromator was calibrated with a metallic Mn foil.
Flow-Through Dissolution of Mn-Reacted Uraninite. Continuous-flow stirred tank reactors (CFRs) were used to compare the stability of NaOH-treated, unreacted, and Mn(II)-reacted (5 mM Mn) biogenic uraninite. The 5 mM Mn-reacted sample was selected because it was representative of Mn incorporation in other samples (Table 1) . Duplicate CFRs (12.6 mL volume) were loaded with a suspension of biogenic uraninite (approximately 1 g/L) in the anaerobic chamber and sealed with a filter membrane of 25 nm pore diameter that allows water but not solids to flow through. The CFRs were fed with degassed ultrapure water buffered at pH 7.5 with 5 mM HEPES for anoxic conditions. For oxic experiments, the influent was purged with technical air and contained 1 mM NaHCO 3 . A peristaltic pump fed the influent at 2.2 mL/min, and the effluent was analyzed for U and Mn by ICP-MS (Agilent 7500ce). More experimental details are provided in section SI-G of the Supporting Information.
To determine the equilibrium solubility of unreacted and Mn-reacted uraninite, we performed the following operations: The flow in a CFR that had been running under reducing conditions for ∼40 residence times was stopped. Closed reactors were operated in stirred batch reactor (SBR) mode in the anaerobic chamber for four days. The dissolved uranium concentration was analyzed. All experiments were carried out at room temperature (20 ( 1°C) and in the dark. The calculation of dissolution rates from the data is detailed in the SI-H section of the Supporting Information.
Results and Discussion
Aqueous Chemical Behavior: Sorption and Incorporation of Mn into Uraninite. To produce Mn-reacted biogenic uraninite, we carried out the reduction of U(VI) using S. oneidensis at different aqueous Mn(II) concentrations. While the reduction was complete within 12 h for most of the conditions, it lasted over 48 h in the presence of 5 and 8 mM Mn(II) (Figure SI-1 of the Supporting Information). Although there are no known ternary complexes of Mn, U, and carbonate, the impact that higher Mn 2+ concentrations have on the rate of U(VI) reduction is analogous to that of Ca 2+ additions (17) . This suggests a possible inhibitory mechanism involving Mn complexes similar to the Ca-U-CO 3 complexes responsible in the case of Ca (17) .
The association of Mn(II) with uraninite is evident from the measurement of Mn and U in acid digests of NaOHtreated, Mn-reacted uraninite (Table 1) . In order to spectroscopically differentiate between Mn(II) adsorbed onto uraninite surfaces and internally bound Mn(II), adsorbed Mn(II) was removed by repeated washing at pH 5 (section SI-C of the Supporting Information). Sorption of Mn(II) to preformed, Mn-free, NaOH-treated biogenic uraninite identified pH 5 as an appropriate pH value that minimized Mn(II) sorption and uraninite dissolution ( Figure SI-2A ,B of the Supporting Information). Mn(II) adsorbed onto uraninite during production and subsequent NaOH washing should be released after five successive 1 h pH 5 washes (Figure SI-3 of the Supporting Information), but Mn(II) bound within uraninite will not be released. Hereafter, NaOH-treated uraninite that was washed at pH 5 will be referred to as pH 5-washed uraninite. 2.5 nm -a Mn content prior to and after washing at pH 5, HRTEM-determined mean particle size after NaOH treatment but prior to pH 5 washing (error ( 0.15 nm), and calculated average number of Mn and U atoms per particle after pH 5 wash. Dashes correspond to conditions for which no data are available.
The fraction of Mn removed by pH 5 washes ranged from 41 to 65% of the total Mn associated with uraninite (description in section SI-C of the Supporting Information). The remainder of Mn(II) (about 3-4.4 wt % of the uraninite) is inferred to be localized within the uraninite particles. This concentration is similar to that reported for Pb (7.4-18.5 wt %) associated with geological uraninites (11, 12) . Because Pb is approximately four times heavier than Mn, the mole % in both cases is comparable (about 15-21 mol % for Mn versus 10-24 mol % for Pb).
Effect of Mn on Particle Size. The size distribution of uraninite nanoparticles was characterized after the NaOH treatment using Fourier-filtered HRTEM images of the uraninites (Table 1) . The corresponding micrographs, Fourier-filtered images, and particle size distribution histograms are shown in Figure SI -4 of the Supporting Information. The average particle size of the NaOH-treated biogenic uraninite decreases from 2.5 to 1.7 nm ((0.15) at the higher Mn concentrations. Crystallite sizes extracted from the Rietveld refinements of the SR-PD data for varying Mn concentrations (Figure SI-5 of the Supporting Information) also exhibit this overall trend. Several explanations can be put forth for the observed trend, including Mn(II) binding to uraninite surfaces retards crystal growth or the structural strain resulting from the incorporation of Mn(II) limits particle growth.
Effect of Mn on Oxidation State and Short-and Intermediate-Range Structures of Biogenic Uraninite. U L III -edge XANES spectra show the untreated Mn-reacted uraninite samples to contain 100% U(IV) within detection limits ( Figure SI-8 of the Supporting Information). EXAFS spectroscopy was used to characterize the structure around U in NaOH-treated samples and around U and Mn following pH 5 washes. U L III -edge EXAFS spectra, fits, and associated Fourier transforms (FTs) for NaOH-treated biogenic uraninite are shown in Figure 1 and Table 2 . The focus on NaOHtreated samples is necessary because for the untreated samples the presence of biomass-sorbed U(IV) partially obscures the signal for UO 2 EXAFS spectra and FTs of the NaOH-treated samples qualitatively resemble those of stoichiometric UO 2.00 ( Figure  1 ), notably including a strong O shell at 1.8 Å (R + dR) (corresponding to the O shell at 2.35 Å) and a strong U shell at 3.8 Å (R + dR) (corresponding to the 3.85 Å U-U distance in the uraninite structure). This conclusion is consistent with the SR-PD results ( Figure SI-5 (Figure 1 and ref 16 ). This comparison suggests the composition of biogenic uraninite is approximately UO 2.00 . Quantitative EXAFS fits are provided in Table 2 and described in section SI-K of the Supporting Information.
The FTs show a clear effect of the presence of Mn on the structure of UO 2 (Figure 1 ). Comparing the Mn-free sample to the lowest Mn(II) concentration considered (0.25 mM) shows a loss of intermediate range structure (U-U shells at >4 Å) as well as a loss in amplitude of the first U-U shell at 3.82 Å (Figure 1 ). For Mn concentrations ranging from 0.25 to 1 mM, the qualitative effect of Mn on the FTs is similar (Figure 1) , which is consistent with those samples having approximately the same Mn loading (62.9-68.7 mg Mn/g uraninite) (Table 1) . At higher Mn(II) concentrations (2.5 and 5 mM), the amplitude of the U-U shell decreases again and corresponds to a concomitant increase in Mn loading that ranges from 81.6-84.1 mg Mn/g uraninite (Table 1) .
FIGURE 1. U L III -edge spectra for abiotic and NaOH-treated biogenic uraninite. Concentration of Mn at which the uraninites were prepared is indicated. (A) U L III EXAFS spectra (solid lines) with fits to data (dashed lines). (B) Corresponding Fourier transforms.
This progression indicates a stepwise increase in Mn concentration and a stepwise decrease in the amplitude of the U-U shell, which is due to an increase in disorder. The smaller U-U shell amplitudes indicate loss of structural order as Mn(II) loading increases, implicating a structural mechanism of internal U binding.
Local Structure around Mn 2+ . K-edge EXAFS analyses were performed to investigate the local structure around Mn(II). Mn 2+ sorbs readily to biomass and uraninite surfaces, necessitating its removal by NaOH treatment and subsequent pH 5 washing in order to spectroscopically isolate structurally bound Mn(II). EXAFS spectra, FTs, and fits of the pH 5-washed samples are shown in Figure 2 and Table 3 . Mn XANES spectra indicate the samples to be 100% Mn(II) ( Figure SI-7 of the Supporting Information). Furthermore, the Mn K-edge EXAFS qualitatively resemble those of the U L III -edge, particularly at the lowest Mn(II) concentration (Figures 1 and 2) ; both feature two prominent FT frequencies, one at about 1.8 Å and another at 3.5-3.8 Å (R + dR). This observation suggests that Mn and U have similar near-neighbor geometries, qualitatively supporting the idea that some fraction of internally bound Mn occupies U sites.
In the Mn K-edge EXAFS FT, the large peak at about 1.8 Å (R + dR) corresponds to an average of 4.6 O atoms ( The second-neighbor FT peak at about 3.5 Å (R + dR) becomes asymmetric, broader, shorter, and shifted to lower R with increasing initial [Mn(II)]. In these uraninites, Mn is approximately 6-fold less abundant than U (Table 1) and undersaturated with respect to Mn (hydr-)oxides and carbonate formation. Hence, the second-shell frequency can be ascribed to U neighbors but with Mn likely to be present at a lower relative abundance to form a mixed U/Mn shell. The increasing asymmetry and broadening of the secondshell peak in response to increasing [Mn(II)] is qualitatively consistent with a mixed U/Mn shell that incorporates more Mn in response to rising solution concentration. In this case, the term, "mixed shell" is defined operationally to include atomic subshells that may lie at distinct distances but are too close to be resolved by the data. Fits to the Mn EXAFS ( Table 2 ). The data do not permit a multishell analysis of the broadened second-shell frequency (i.e., to fit an additional Mn or U shell), and we do not know the functional form of the atomic distribution. Thus, no further quantitative analysis is presented other than to indicate that the shells lie in the vicinity of 3.67 Å. It is notable that a corresponding trend of increasing second-shell peak breadth was not observed in the U L III -edge EXAFS. An explanation is that Mn tends to substitute next to itself in the structure, and thus, the impact of increasing Mn incorporation disproportionately impacts the Mn K-edge EXAFS. We propose that there is preferential incorporation of Mn in the outer region of the UO 2 nanoparticles, which is consistent with (a) that region having greater structural disorder (16) and (b) the incorporation mechanism of cations in nanoparticles being driven by sorption to nanoparticle (23) .
Effect of Mn on Uraninite Reactivity. The oxidation of geological uraninite is inhibited by the presence of monoand divalent cation impurities and nonstoichiometry (10) . By analogy, lower reactivity of Mn-reacted biogenic uraninite could be expected due to the incorporation of Mn 2+ cations. The reactivities of 5 mM Mn-reacted and unreacted biogenic uraninite (both NaOH-treated) were compared by evaluating their respective dissolution in the presence and absence of oxygen. Unreacted uraninite dissolved significantly and reproducibly faster than 5 mM Mn-reacted uraninite in the presence and absence of O 2 ( Figure 3) . Calculated average dissolution rates for unreacted and Mn-reacted uraninite, respectively, in mol U m -2 s -1 for anaerobic conditions were 3.4 × 10 -13 versus 1.2 × 10 -14 and for aerobic conditions were 1.0 × 10 -9 versus 2.6 × 10 -11 . Thus, the stability of Mnreacted uraninite is higher than that of the unreacted uraninite by a factor of 28 and 38, when contrasting anaerobic and aerobic conditions. Furthermore, the equilibrium uranium concentration as determined from the reactor run in the batch SBR mode (thin dotted lines in Figure 3a) was lower for the Mn-reacted uraninite (5.5 × 10 -9 M) than that for the unreacted uraninite (9.5 × 10 -9 M), which is consistent with lower solubility for the Mn-reacted solid.
The measured effluent Mn concentration in the oxic portion of the dissolution experiment is ∼1 µM. On the basis of the congruent dissolution of Mn-substituted uraninite, the expected concentration should be about 0.4 µM because the U:Mn molar ratio is 2.4 for the sample considered. The measured effluent Mn concentration is ∼1 µM. Calculations (section SI-J of the Supporting Information) reveal that only ∼18% of the sorbed Mn(II) is removed over the 90 residence times of the experiment, while less than 1% of the total uraninite is dissolved during that time. Thus, we suggest that the effluent Mn(II) concentration actually corresponds to the concentration of aqueous Mn(II) in equilibrium with Mn(II) sorbed onto the uraninite surface. This finding implies that sorbed Mn(II) may contribute to the stability of Mnreacted uraninite. Nonetheless, analogous observations of increased stability of Mn-reacted uraninite were obtained in batch dissolution studies subjected to an additional treatment (pH 5 wash) to strip off sorbed Mn (Figure SI-9 of the Supporting Information). While we cannot exclude the possibility that sorbed Mn contributes to the observed phenomenon, the structural changes resulting from Mn incorporation into uraninite appear to improve the stability of the Mn-reacted mineral.
The results suggest that Mn-reacted uraninite is more resistant to oxidation than unreacted uraninite due to greater thermodynamic stability and slower rates of surface-mediated processes. It is notable that the Mn-reacted uraninite displays slower oxidation when compared to unreacted uraninite despite its smaller particle size (Table 1) and presumably higher surface area. Furthermore, there is a potential for chemical oxidation of Mn(II) by O 2 at the dissolution pH of 7.5 (24) . Both factors could accelerate oxidative dissolution rather than retard it, making the observed stability of Mnreacted uraninite all the more remarkable. The conclusion that Mn-reacted uraninite is less soluble and more resistant to dissolution than unreacted uraninite is consistent with the reported increase in stability conferred by impurities to geological uraninites [8, 10, 11] . A recent study of the effect of Ca 2+ on biogenic uraninite has shown that contrary to Mn 2+ , this cation does not affect the kinetics of uraninite oxidation (25) .
Mn(II) Binding Site. Three aqueous chemical observations strongly imply that Mn(II) is structurally bound within the solid particles: (a) Up to 4.4 wt % Mn(II) remains associated with the particles after NaOH and repeated washes at pH 5, conditions under which surface-sorbed Mn(II) is readily removed. (b) The amount of Mn(II) remaining bound to uraninite after washing is about 6-fold higher than can be sorbed onto preformed Mn-free uraninite at pH 6.5 (data not shown). (c) The equilibrium solubility of Mn-reacted uraninite is half that of Mn-free uraninite (in spite of the smaller particle size of the former), indicating a lower free energy and hence thermodynamic alteration of particle identity.
At the highest Mn(II) concentrations, uraninite exhibits a lattice contraction ( Figure SI-5 of the Supporting Information), which suggests incorporation of the smaller Mn 2+ cation into the uraninite lattice. The EXAFS Mn-U CN value (e.g., 4 U atoms in the 0.25 mM Mn sample) also suggests incorporation of Mn within the uraninite structure. Specifically, the observed Mn-U distance of about 3.67 Å is slightly shorter than the U-U distance and suggests substitution of Mn 2+ onto uranium sites, which could result in local structural contraction around Mn. Substitution of Mn(II) on the interstitial sites would require Mn-U distances of about 2.73 and 4.74 Å, which are not observed.
Key questions that follow from this conclusion are how to reconcile the Mn 2+ coordination polyhedron with the cubic uranium site and how to maintain charge balance. Substitution of Mn 2+ for U 4+ must be compensated by loss of oxygens, the presence of higher-valent uranium, or other coupled substitutions such as incorporation of H Implications for U(VI) Bioremediation. The remediation of U(VI)-contaminated groundwater through the microbial reduction of U(VI) and the production of uraninite, where it occurs, will unavoidably take place in the presence of divalent cations, including relatively high concentrations of Mn(II). Under the conditions considered, this work suggests that Mn(II) incorporation into uraninite at lattice positions confers increased stability to biogenic uraninite. By extension, one can expect that other divalent groundwater solutes may exhibit similar interactions with biogenic uraninite. This observation suggests a previously unappreciated paradigm for biogenic uraninite, one in which the reactivity of the material is closely related to bulk geochemical conditions in the surrounding environment.
